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Investigating the role of
glycoprotein hormone
GPA2/GPBS5 signaling in
reproduction in adult
female Rhodnius prolixus

Areej N. Al-Dailami*, lan Orchard and Angela B. Lange

Department of Biology, University of Toronto Mississauga, Mississauga, ON, Canada

Glycoprotein hormones are essential for regulating various physiological
activities in vertebrates and invertebrates. In vertebrates, the classical
glycoprotein hormones include follicle-stimulating hormone (FSH),
luteinizing hormone (LH), thyroid-stimulating hormone (TSH) and chorionic
gonadotropin (CG), which have crucial roles in growth, development,
metabolism, and reproduction. In female mammals, FSH stimulates egg
production in the ovaries, whereas LH and CG act as the triggers for follicular
ovulation. The more recently discovered heterodimeric glycoprotein hormone
GPA2/GPBS5 (called thyrostimulin in vertebrates) is suggested to be involved in
reproductive processes in arthropods. Here, we focus on understanding the
role of GPA2/GPB5 and its receptor, LGR1, in the reproductive success of adult
female Rhodnius prolixus, a vector of Chagas disease. qPCR was used to
monitor the expression of GPA2 and GPB5 transcripts and their receptor in
different tissues. Immunohistochemistry was used to show the distribution of
GPBS5 in the nervous system and reproductive system, and RNA interference
was used to disrupt the glycoprotein hormone signaling pathway. Both subunit
transcripts, GPAZ2 and GPB5, are present in a variety of tissues, with the greatest
expression in the central nervous system; whereas the LGRI transcript is
present in peripheral tissues, including the fat body and the reproductive
system of adult females. In the adult female, GPB5-like immunoreactive
axonal projections are present in the trunk nerves extending onto the
reproductive tissues, with processes overlaying the ovaries, oviducts,
spermatheca, and bursa, indicating the possibility of neural control by
neurons containing GPA2/GPB5. In addition, GPB5-like immunostaining is
present in muscles encircling the ovarioles, and in the cytoplasm of
trophocytes (nurse cells) located in the tropharium. GPB5-like
immunoreactive processes and blebs are also localized to the previtellogenic
follicles, suggesting an involvement of this glycoprotein hormone signaling in
oocyte development. LGR1 transcript expression increases in the adult female
reproductive system post-feeding, a stimulus that initiates reproductive
development, adding further support to an involvement in reproduction. We
have investigated the effect of LGR1 downregulation on reproductive
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processes, monitoring the number and the quality of eggs laid, hatching ratio,
and production of vitellogenin (Vg), the major yolk protein for developing eggs.
Downregulation of LGRI1 leads to increases in transcript expression of
vitellogenin, RhoprVgl, in the fat body and the vitellogenin receptor,
RhoprVgR, in the ovaries. Total protein in the fat body and hemolymph of
dsLGR1-injected insects increased compared to controls and associated with
this effect was a significant increase in vitellogenin in these tissues. dsLGR1-
injection leads to accelerated oogenesis, an increase in the number of eggs
produced and laid, an increase in egg size and a reduction in hatching rate. Our
results indicate that GPA2/GPBS5 signaling acts to delay egg production in adult

female R. prolixus.
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1 Introduction

Glycoprotein hormones (GPHs) are important in controlling
several physiological processes and behaviors in vertebrates,
including reproduction, energy metabolism, growth, and
development (1). The GPH family includes follicle stimulating
hormone (FSH), luteinizing hormone (LH), thyroid-stimulating
hormone (TSH) and chorionic gonadotropin (CG) (1-4). Each
GPH is formed by the heterodimerization of a common alpha
subunit (GPA1) and a hormone specific beta subunit, which
confers the binding site specificity for the receptor (1, 5). The
latest GPH discovered, called thyrostimulin, is, however,
comprised of a distinct alpha subunit (GPA2) and its hormone
specific subunit GPB5. Unlike the other vertebrate GPHs that are
restricted to vertebrates, genes for GPA2 and GPB5 are found in
most bilaterians (6-10). Glycoprotein hormones bind to receptors
that belong to a unique superfamily of G protein-coupled receptors
(GPCRs) called the leucine-rich repeat-containing GPCRs (LGR).
Type A LGR (Rhodopsin type) includes the receptors for TSH,
FSH, LH and CG, as well as for GPA2/GPB5. In invertebrates,
GPA2/GPBS5 binds to a receptor named LGR1, which shares more
than 50% amino acid sequence homology to the membrane-
spanning regions of the classic GPH receptors (6, 11-14).

There is limited information regarding the biological
functions of thyrostimulin in vertebrates. It is believed that
thyrostimulin is involved in several physiological processes
such as stimulating thyroxine production (9, 15), osteoblastic
bone formation (16), and that it can act as a paracrine factor
locally to regulate reproduction in the mammalian ovary (17). In
invertebrates, GPA2/GPB5 has only been studied in small
number of species but it appears to play potential roles in
development (13, 18-20), in salt and water balance (13, 14,
19-21), and in reproduction (22, 23).
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In the fruit fly Drosophila melanogaster, the GPA2/GPB5
receptor transcript (DLGRI) levels increase during life-
transitioning stages with a very prominent peak in third instar
larvae, the last stage before pupal formation, followed by a decline
in early pupal stages (6, 19). Silencing DLGRI significantly
disrupts metamorphosis leading to developmental defects,
including suppression of white pupa formation in D.
melanogaster larvae that is associated with reduced ecdysteroid
titer (19). In addition, DLGRI transcripts are highly expressed in
the hindgut, Malpighian tubules, and other tissues with water
transporting epithelia (21). DLGRI knockdown flies are less
tolerant to dehydration stress (19), indicating that GPA2/GPB5
is likely involved in osmoregulation in addition to its proposed
developmental role. Also in the mosquito, Aedes aegypti, GPA2/
GPB5 is involved in regulating hydromineral balance and appears
to maintain ionic homeostasis through inhibiting natriuresis and
promoting kaliuresis (13). In addition, though, GPA2/GPB5
appears to play a role in spermatogenesis and silencing LGRI
in adult male A. aegypti results in shorter sperm flagellar lengths,
a significant reduction of spermatozoa in testes, and when these
males are mated with females, a significant reduction in the
number of eggs hatching (22). Another role in reproduction is
found in the female prawn, Macrobrachium rosenbergii, where
downregulation of GPA2/GPB5 transcripts results in a reduction
of vitellogenin transcript expression levels (MrVg) in the
hepatopancreas, and knockdown of MrLGRI increases MrVg
receptor (MrVgR) transcript expression in the ovaries. These
result in larger oocytes, suggesting GPA2/GPB5 acts as a gonad-
inhibiting factor in the eyestalk-hepatopancreas-ovary endocrine
axis in M. rosenbergii (23).

Rhodnius prolixus is a blood-feeding hemipteran, and serves
as a principal vector of Trypansoma cruzi, the parasite causing
Chagas disease (24, 25). In a recent report on the glycoprotein
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hormone GPA2/GPB5 in R. prolixus, the GPA2 and GPB5
subunits, and LGR1, were cloned and shown to have the
unique structural features shared by GPH subunits, including
the ten conserved cysteine residues of critical importance for
disulfide bridge formation and important for cystine-knot
formation; a main characteristic of this GPH subfamily (14).
There is one predicted N-glycosylation site on GPB5 at Asn160,
and it is suggested that glycosylation sites are important for
dimer formation. In D. melanogaster and A. aegypti, GPA2/
GPB5 heterodimers activate LGR1 transfected into HEK293
cells, supporting the heterodimerization phenomenon (12, 26).
However, the difference in expression profiles of GPA2 and
GPB5 reported in several studies suggest the possibility of the
subunits functioning as homodimers (8, 17). Whether the
GPA2/GPB5 glycoprotein hormones function as heterodimers,
homodimers or both, remains to be elucidated.

Interestingly, we recently found that GPA2/GPBS5 signaling in
R. prolixus is involved in promoting blood-gorging and appears to
assist in tolerating prolonged unfed conditions that R. prolixus
often experience (14). Blood-gorging is also the stimulus for egg
production in R. prolixus and interestingly, a transcriptomic
analysis of the main tissues involved in egg production in R.
prolixus suggests that the GPA2/GPB5 signaling pathway might
be involved in regulating reproductive physiology (27). Numerous
studies have examined the control over egg production in adult
female R. prolixus, and these have revealed complex neural and
hormonal elements allowing for a tightly synchronized and
integrated behavior (see 27). The aim of this study, therefore, is
to explore the role of GPA2/GPB5 signaling in adult female R.
prolixus egg production, using physiological and molecular
techniques, including RNA interference.

2 Materials and methods

2.1 Animals

Experiments were performed on adult R. prolixus females
taken from an established colony at the University of Toronto
Mississauga, maintained in an incubator in the dark at 25°C and
50% humidity following the method reported by Orchard etal.
(28). For the dsRNA experiments, insects were housed in an
incubator maintained at 28°C on a 12:12 h light/dark cycle a
week prior to dsRNA injections and throughout the experiment.
All insects used in this work had a similar feeding and body
weight history.

2.2 Whole mount immunohistochemistry

Central nervous systems (CNSs) and reproductive tissues of
unfed, unmated adult female insects were dissected in R, prolixus
physiological saline (150 mM NaCl, 8.6 mM KCl, 2 mM CaCl,, 4
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mM NaHCO3, 34 mM glucose, 8.5 mM MgClz, 5 mM HEPES, pH
7) at room temperature. Fixation and staining were performed as
described by Al-Dailami etal. (14), using a primary anti-GPB5
antiserum raised in rabbit at a concentration of 1:1000 in
phosphate buffered saline (PBS, 6.6 mM Na,HPO,/KH,PO,,
150 mM NaCl, pH 7.4) with 0.4% Triton-X/2% normal goat
serum (NGS)/2% bovine serum albumin (BSA). The anit-GPB5
antiserum was custom made against a conserved sequence within
GPB5 (CDSNEISDWREP) by Rocco and Paluzzi (26) and kindly
provided by Prof. J.P. Paluzzi, York University, Canada. Tissues
were incubated for 48 h at 4°C. Following washes in PBS, the
tissues were incubated for 24 h in secondary antibody (1:600 Alexa
Fluor 488-conjugated goat anti-rabbit Ab (Life Technologies,
Carlsbad, CA), made up in PBS containing 10% NGS). Tissues
were mounted on cover slips with one drop of Fluoroshield
(Sigma-Aldrich, ON, Canada). Controls were prepared
following the same protocol but with preabsorption of the
antiserum with 107> M antigen (CDSNEISDWREP) overnight
at 4 °C prior to use.

Images were acquired using Z-stacks obtained by a confocal
microscope LSM-800 (Carl Zeiss, Jena, Germany) and then
processed with the Zeiss LSM Image Browser software. Z-stacks
were prepared using ImageJ Software (https://imagej.nih.gov/ij/).

2.3 RNA extraction and reverse
transcription quantitative PCR

Total RNA was extracted from tissues of adult female R.
prolixus using TRIzol reagent (Invitrogen by Thermo Fisher
Scientific, MA, USA) according to the manufacturer's
instructions. cDNA samples were synthesized using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Mississauga, ON, Canada), using 1 pg of total RNA, random
primers and 50 U of MultiScribe MuLV reverse transcriptase.
qPCR assays were performed as previously described (14). Actin
and Rp49 (60S ribosomal protein) housekeeping genes were
used as reference genes to normalize the target gene expression.
To assess the accuracy of ¢cDNA product amplification, the
dissociation curves were examined and found to have a single
peak produced for each pair of primers (Supplementary Table 1).
Transcript abundance was normalized to transcript levels of the
housekeeping genes following the 244" method (29). All
samples had 5 - 6 biological replicates with each containing 2
technical replicates and using no-template controls.

2.4 Double-stranded RNA synthesis

To synthesize double-stranded RNA (dsRNA), two non-
overlapping fragments of LGRI were prepared by PCRs by
conjugating the T7 RNA polymerase promoter (5'-
taatacgactcactatagggaga-3’) to the 5" end of the gene specific
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primers (Supplementary Table 1). dsRNA synthesis was
performed as described previously in Al-Dailami etal. (14).

2.5 dsRNA delivery

Seventeen adult female insects were each injected with 3 pL of
dsLGR1 (containing 2 pg of two non-overlapping dsRNA) into
the thoracic/abdominal hemocoel at the base of the metathoracic
legs using a 10 uL. Hamilton micro syringe (Hamilton Company,
NV, USA). A second group consisting of 21 insects were injected
with 3 pL containing 2 pg of ds ampicillin resistance gene
(dsARG) as control. All insects were left for 1 h at room
temperature and then placed into an incubator at 28°C with a
12:12 light/dark cycle. Knockdown of the LGRI transcript was
measured in the ovaries and fat body at 2d, 4d and 14d following
injection using qPCR (Supplementary Figure 1).

2.6 Feeding and egg production assays

Virgin adult females (10 days post ecdysis) were given access
to a blood meal and those that fed properly (~3 times their body
weight) were used in the experiments. After feeding, each female
insect was then kept in a cubicle containing two fed adult males
and allowed to copulate for two days and then injected with
dsRNA, as described above. At 6 days post blood meal (PBM),
the hemolymph, fat body, and ovaries (minus chorionated eggs)
were collected and processed for RT-qPCR, ELISA, Western
blot, or protein determination. Insects from each group were
used to examine ovarian morphology and monitored for egg
laying (photographed with a Leica DVM6 digital microscope
(Leica Microsystems, Wetzlar, Germany), and hatchability.
Measurements of length and width of eggs were recorded
using Image] software to determine differences between
treatment groups, and the volume was determined using the
following equation of an ellipsoid = % (Width)z(length) given
the circular nature of the longitudinal axis (30).

2.7 Sample collection and total
protein quantification

Hemolymph and fat body samples were collected from
dsARG-injected and dsLGR-injected adult female insects at 6
days PBM for total protein and vitellogenin measurements.
Insects were immobilized on surgical wax and 10 uL of
hemolymph collected using a Hamilton syringe (Hamilton
Company, Reno, NV, United States) from cut legs while gently
pressing the abdomen. The hemolymph was placed in ice-cold
microtubes and then diluted in cold anticoagulant solution (10
mM Na2-EDTA, 100 mM glucose, 62 mM NaCl, 30 mM sodium
citrate, 26 mM citric acid, pH 4.6) at a ratio of 1:5 (anticoagulant:
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hemolymph) (31). Samples were then centrifuged at 10,000 x g
for 10 min at 4°C to remove hemocytes and the supernatants
used for determination of vitellogenin concentration.

After hemolymph collection, fat bodies were carefully dissected
under cold R. prolixus saline and protein extraction performed with
TRIzol reagent (Invitrogen by Thermo Fisher Scientific, MA, USA)
according to the manufacturer’s recommendations. Following
protein extraction, quantification of total protein was performed
using the BCA protein quantification assay (Pierce ™ BCA Protein
Assay Kit, Thermo Fisher, ON, Canada).

2.8 Vitellogenin quantification by ELISA

Vitellogenin quantification in the hemolymph and fat bodies
was carried out using an enzyme-linked immunosorbent assay
(ELISA) as described by Aguirre etal. (32) and Leyria etal. (33).
Microtiter plates were loaded with 100 pL/well of vitellogenin as
standard or with the appropriate dilutions of hemolymph and fat
body in carbonate buffer (15 mM Na,CO;, 35 mM NaHCO;, pH
9.6) and incubated for 90 min at 37 °C. Following incubation, plates
were washed two times with phosphate buffered saline -Tween
(PBST: 82 mM Na,HPO,, 1.5 mM KH,PO,, 150 mM NaCl, 2.7
mM KCI, 0.05% Tween 20, pH 7.4) on a shaker at room
temperature for 5 minutes for each wash. Plates were loaded
with 100 pL of affinity purified rabbit IgG Vg antibody at a
concentration of (0.01 pg/mL) prepared in PBST containing 0.1%
BSA for 60 minutes at 37°C. The polyclonal anti-Vg antibody
was designed commercially by Boster Biological Technology
(CA, USA), using a fragment of the RhoprVg sequence
(PLPQFVLQSRPELVPLPKLVAGGQVLDIVKTKNYSNCEQ
RMAYHFGLTGLTDWEPASNQ) and found to be specific (33).
Plates were then washed two times as described above followed by
loading plates with 100 pL of solution containing anti-rabbit
immunoglobulin conjugated to horseradish peroxidase (HPR) in
PBST (1:4000) for 30 minutes at 37°C. After washing, plates
were incubated with 100 uL of the enzyme 3,3',5,5'-
Tetramethylbenzidine (TMB) Liquid Substrate System (Millipore-
Sigma, Oakville, ON, Canada) for 15 minutes and then the reaction
was stopped by adding 100pL of 1M H,SO,. Plates were read at 410
nm using a multi-mode reader (Synergy HTX, CA USA).

2.9 SDS-PAGE and Western blot

For SDS-PAGE, pre-made gels (percentage 4 — 20 %, Mini-
Protean TGX Stain-Free Precast Gels, BioRad, ON, Canada)
were used to separate proteins from 1 puL of hemolymph under
reducing conditions, following the manufacturer's instructions.
After electrophoresis, the gel was stained with QC Colloidal
Coomassie (BioRad), for 1 h at room temperature with gentle
shaking. The gel was then destained over night at 4°C with gentle
agitation to remove the background using a destaining solution
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of 50 % methanol in water with 10% acetic acid. The gel was
imaged on a ChemiDoc XRS system (BioRad). For western blot,
1 uL of hemolymph (1:20 dilution) was used to separate proteins
under reducing conditions on pre-made gels, following the
method presented by Leyria etal. (31). The gels were incubated
in anti-vitellogenin antibody at a 1:2000 dilution overnight at 4°
C with gentle agitation. For the secondary antibody, HPR-
conjugated goat anti-rabbit IgG was used at a dilution of
1:5000 and the gel was incubated for 1 h at room temperature
with gentle shaking. Blots were visualized using enhanced
chemiluminescence (Clarity Western ECL Substrate, BioRad),
imaged on a ChemiDoc XRS system and analyzed using Image
Lab 5.0 (BioRad Software and System).

2.10 Statistical analyses

All graphs were created using the GraphPad Prism Software
(GraphPad Software, CA, USA). Significance of differences were
determined either with Student's t-test or one-way ANOVA
followed by Tukey’s test as indicated. The average cumulative
eggs laid per female per day was analyzed by fitting the data with
regression lines and comparing the slopes for significant
differences using an F-test.

3 Results

3.1 GPB5-like immunoreactivity
associated with trunk nerves and female
reproductive tissues

GPB5-like immunoreactivity is found in cells and processes
throughout the adult female CNS, as previously reported for fifth
instars (14). Immunoreactive axons are also found in the median
trunk nerves (Figures 1A, B, arrows) which project to the
reproductive tissues of adult female R. prolixus (for anatomy
of the reproductive system see 27). GPB5-like immunoreactive
processes are present along the lateral oviducts (Figure 1C,
arrows), extending from the junction of the trunk nerve and
down the common oviduct (Figures 1F, G). Processes and blebs
are found distributed on the calyx (Figure 1D, arrows) and
localized to the tropharium and previtellogenic follicles of the
ovarioles (Figure 1E). GPB5-like staining of muscle fibers
encircling the ovariole is also evident (Figure 1E, arrow),
revealing a criss-cross pattern similar to the phalloidin staining
of the muscular sheath as reported by Sedra and Lange (34).
GPB5-like immunoreactive processes are also seen on the
spermatheca and bursa (Figure 1H, arrows), but not on the
cement gland. Interestingly, robust GPB5-like immunoreactivity
is observed intracellularly within the trophocyte cells of the
tropharium (Figure 2). The tropharium contains the nurse cells
or trophocytes in different stages of development (divided into 3

Frontiers in Insect Science

05

10.3389/finsc.2022.1096089

zones, z1, z2, z3). GPB5-like staining is more evident in the
proximal tropharium, mainly in zones 2 and 3 (at these
developmental stages cells are organized to form a syncytium
in which the nuclei share a common cytoplasm) (Figure 2B).
DAPI staining of the nuclei is shown in blue merged with GPB5-
like staining in green (Figure 2C, D). Control samples with
preabsorbed antiserum resulted in an absent or greatly reduced
GPB5-like staining intensity (Supplementary Figure 2).

3.2 Tissue distribution of GPA2, GPBS5,
and LGRI1 transcripts in adult females

Transcript expression of GPA2, GPB5, and LGRI (Figure 3)
was investigated in unfed adult females by RT-qPCR. GPA2 and
GPB5 transcripts are present in a wide range of tissues, with
highest expression in the CNS. The posterior midgut exhibited
high GPB5 expression levels followed by the anterior midgut,
ovaries, and salivary glands. Interestingly, GPA2 and GPB5
expression profiles are not identical within the tissues, which
might suggest the subunits have the potential to form
homodimers. R. prolixus LGRI transcript expression levels are
distributed throughout all tissues examined and found to be
highest in the Malpighian tubules, hindgut, and midgut, as
previously reported for fifth instars (14). LGRI expression is
also found in adult female reproductive tissues, including the
ovaries and associated structures.

3.3 Temporal transcript expression of
LGR1 in the reproductive system of
adult females

R. prolixus LGRI transcript levels were examined in the FB and
reproductive tissues in both unfed and fed adult females (Figure 4).
The FB (the main producer of yolk precursor proteins (YPPs),
including vitellogenin, needed for egg growth) has significantly
higher LGRI expression levels at 1 and 2 days PBM and a significant
decrease at 3 to 5 days PBM returning levels to that seen in unfed
insects. LGRI in the reproductive system (RS) displayed a gradual
increase over 1 to 4 days PBM with a peak at 5 days PBM. LGRI
transcript levels displayed a similar trend in the various regions of
the RS, including the tropharium, follicles, oviducts, and bursa.
Taken together, the temporal distribution results indicate that LGRI
transcript levels increase in FB and RS as the days post-feeding
advance and eggs are developing.

3.4 Knockdown of LGR1 transcript and
effects on egg production

To investigate the role of GPA2/GPB5 signaling in the
reproductive physiology of R. prolixus adult females, LGRI
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FIGURE 1

GPB5-like immunoreactivity associated with the trunk nerves and reproductive tissues of adult fe

male R. prolixus. (A) Mesothoracic ganglionic

mass (MTGM) with attached abdominal nerves displaying GPB5-like immunoreactive processes in the trunk nerves (TN) (arrows). (B) GPB5-like
immunoreactive processes projecting from the trunk nerve to the reproductive tissues (arrows). (C) Common oviduct (CO) and lateral oviduct
(LO) containing GPB5-like immunoreactive processes (arrows) extending along the LO to the calyx (CL) shown in (D) (arrows). (E) GPB5-like
immunoreactive processes and blebs are present in the previtellogenic follicles of the ovarioles (inset). GPB5-like staining is also found in
muscle fibers encircling the ovariole forming a criss-cross pattern (thin arrow). (F) GPB5-like immunoreactive axons are present in nerves that
project to the bursa (BU), as indicated by arrows. (G) Enlargement of boxed area in F showing GPB5-like immunoreactive processes in the
nerves (arrows). (H) GPB5-like immunoreactive processes in the spermatheca (SP) (arrows). These are representative images obtained from 10
preparations. Scale bars: (A, B) are 50 pm, (C—E) and (H) are 100 um, (F-G) 20 um.

was downregulated using RNA interference (RNAi). Changes in
LGRI expression levels were verified in the FB and RS using RT-
qPCR, with a reduction of 45% observed at 2 days following
dsLGR1-injection relative to the dsARG-injected insects and the
level remaining reduced for the duration of the experiment (16
days PBM) (Supplementary Figure 1).

Egg production was evaluated in dsARG-injected and dsLGR1-
injected insects by quantifying the duration over which eggs are
produced, the number and phenotype of eggs produced, and their
hatching rate. LGRI knockdown resulted in accelerated egg
production, and by 4d PBM there were already chorionated eggs
in the ovaries and lateral oviducts ready for oviposition, as
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compared to the controls (Figure 5A). At 6d PBM, both groups
were egg laying, but the number of eggs laid by the dsLGR1-injected
insects was greater (Figure 5B) resulting in the number of eggs
remaining in the ovaries being less than in the control insects
(Figure 5A). The average number of eggs laid by each female per
day for dsSLGR1-injected insects is greater than the controls from 4d
PBM to 12d PBM and similar from 13d PBM to 16d PBM
(Figure 5B). The slope of the average cumulative number of eggs
laid per day per female for dsLGR1-injected insects is significantly
higher compared to the slope of the dsARG-injected insects
(Figure 5C) and the overall cumulative average of eggs laid per
female by 16 d PBM is significantly greater than the control
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FIGURE 2

Immunostaining of GPB5-like staining in the ovariole in adult female R. prolixus. (A) GPB5-like staining (in green) is observed in the processes
over the follicle cells as well as in the cytoplasm of trophocytes (nurse cells). GPB5-like staining is brightest in Zone 3 of the tropharium where
nuclear aggregates are peripherally arranged around the central core of the cytoplasm (encircled in white) (B—D) DAPI staining (in blue) shows
GPB5-like staining in the cytoplasm around the large nuclei in the tropharium. TRP, tropharium; o. FOL, alpha follicle (terminal follicle); f FOL,
beta follicle (terminal follicle); Z1, zone 1; Z2, zone 2; Z3, Zone 3. Similar results were obtained in 10 preparations. Scale bars: (A—D) 100 um
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FIGURE 3

Tissue distribution of GPA2, GPB5, and LGR1 transcripts in unfed adult female Rhodnius prolixus at 10-12 d post ecdysis. The transcript levels
in each tissue were quantified relative to the expression in the CNS (value ~ 1) using gPCR and the 2 ACt method. The y axes represent the
relative expression obtained via geometric averaging using Rp49 and actin as reference genes. The results are shown as the mean + SEM (n
= 5-6, where each n represents a pool of tissues from 3 insects). Statistical analysis was performed using a one-way ANOVA and Tukey's test
for post-hoc analysis. Significance of P< 0.05 is denoted using letters to indicate bars that are significantly different from others. CNS,
central nervous system
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FIGURE 4

Temporal expression levels of LGRI1 in the fat body and reproductive tissues of adult female R. prolixus at 10-12 d post ecdysis. Fat body,
reproductive tissues (tropharium, follicles, oviducts, and bursa) were dissected and analyzed for LGR1 during different nutritional states (unfed
and fed) and different time points (unfed; 1 to 6 days post blood meal (PBM). Expression levels of LGRI were quantified using RT-gqPCR and the
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method. Results are shown as mean + SEM (n = 4-5, where each n represents a pool of tissues from 2 insects). Statistical analysis was

performed using a one-way ANOVA test with Tukey's multiple comparisons. Significance of P < 0.05 is denoted using different letters to indicate

bars that are significantly different from others
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Effects of LGR1 mRNA knockdown on egg laying.(A) Representative images showing the reproductive system from dsARG and dsLGR1-injected
insects 4 d PBM and 6 d PBM. Note that dsLGR1-injected insects have less eggs in the ovaries at 6 d PBM since they have an accelerated rate of
egg laying when compared with dsARG-injected insects. (B) The average eggs laid per female each day (error bars indicates + SEM; n = 17-21)
(C) The cumulative average of eggs laid per female throughout the 16 d PBM. The significance of differences between linear regression slopes
of dsLGR1-injected and dsARG-injected groups was determined using an F-test (P = 0.0001). (C’) the cumulative average of eggs laid per
female by 16 d PBM. Statistically significant differences were determined by t-test (****p < 0.0001).
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(Figure 5C"). Interestingly, the length and width of the eggs laid by
LGRI knockdown insects was significantly greater than control
insects, as was the volume of the eggs laid (Figure 6).

3.5 Influence of LGR1 signaling on the
production and release of the yolk
protein precursor, vitellogenin

To further examine the involvement of LGRI1 signaling in
egg production, we measured transcript expression of R. prolixus
vitellogenin (RhoprVgl) in the fat body and ovaries, as well as
the vitellogenin receptor (RhoprVgR) transcript in the ovaries
following LGRI knockdown (Figure 7). RhoprVgl transcript
levels in the fat body and RhoprVgR transcript levels in the
ovaries are significantly increased at 6 d PBM in dsLGR1-
injected insects (Figure 7B). No difference in RhoprVyg
transcript levels was detected in the ovaries after dsLGRI
knockdown. In addition, the total protein content in the fat
body and circulating in the hemolymph of dsLGRI-injected
insects is greater than in the controls, and these differences are
also observed on the Coomassie blue stained gels (Figure 7C).
The changes in total protein content are due in part to the
increase in the main yolk protein precursor (YPP), vitellogenin,
in the fat body and hemolymph, as determined by ELISA and
Western blot (Figure 7D).

3.6. Effects of LGR1 transcript
knockdown on hatching of eggs

The effects of LGR1 knockdown on hatching was observed
(Figure 8). The eggs laid by dsARG-injected and dsLGRI1-
injected insects looked similar, as did the 1% instars (Figure 8
A-A’ and B-B’). Interestingly, though, in the dsARG-injected
insects, 92.4% of the eggs hatched 10 to 15 days after egg-laying,
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whereas in dsLGR1-injected insects only 64% of eggs hatched
within the same time period (Figure 8C). Of the eggs that did not
hatch in the LGR1 knockdown insects, some of them attempted
to hatch within the next few days but were unsuccessful, with
some instars trapped in the egg case and others dying in the
process of hatching (Figure 8D). It is also worth noting that only
6% of dsLGR1-injected insects, which successful hatched to first
instars, survived up to 60 days in the unfed state as opposed to
55% survival for dsARG-injected first instars (data not shown).
There was no difference in size between insects that successfully
hatched from dsLGR1-injected females when compared to
insects hatched from dsARG-injected females.

4 Discussion

In R. prolixus, egg production is coordinated by
neuropeptides and several well-characterized hormonal
signaling pathways including juvenile hormones (JHs),
ecdysteroids, and insulin-like peptides (ILPs) (see 27). In this
study we focus on the role of a new signaling pathway involving
the glycoprotein hormone, GPA2/GPB5 and its receptor LGR1,
in reproduction, examining the effects of LGRI downregulation
on egg production in adult females R. prolixus.

The distribution of GPB5 in the CNS and reproductive
tissues of the adult female R. prolixus was observed using
immunohistochemistry. A similar distribution pattern of
neurons in the CNS of adult R. prolixus matches that
previously reported for fifth instar R. prolixus (14); particularly
in relation to neurosecretory cells and their abdominal nerve
neurohemal sites, indicative of a neurohormonal role. GPB5-like
immunoreactivity is also present in axons within the trunk
nerves that project to various regions of the reproductive
system, with GPB5-like immunoreactive processes overlying
the oviducts, ovaries, spermatheca and bursa, suggesting a
possible direct neural control over muscle contraction or some
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Effects of LGR1I mRNA knockdown on egg phenotype from recently laid eggs. Representative images on the left panel displaying the eggs 1-2
days post egg-laying from dsLGR1-injected insects and dsARG-injected insects. Graphs on the right panel show the measurements of the
length, width, and volume of eggs. Results are shown as mean + SEM, n = 15 eggs. Statistically significant differences were determined by

Student's t-test (****p < 0.0001).
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Effects of LGR1 knockdown on vitellogenesis at 6d post blood meal (PBM). (A) Experimental scheme. (B) RhoprVgl and RhoprVgR mRNA

expression in the fat body and ovaries of fed adult females at 6 d PBM after dsLGR1 injection. Transcript levels were quantified using RT-gPCR
and analyzed by the 2" method. The y axes represent the fold change in expression relative to control (dsARG, value ~ 1) obtained via
geometric averaging using Rp49 and actin as reference genes. The results are shown as the mean + SEM (n = 5-6, where each n represents an
individual tissue from 1 insect). (C) Protein content in the fat body and hemolymph (he) of dsRNA-injected females at 6 d PBM. The results are
shown as the mean + SEM (n = 5-6, where each n represents the fat body or hemolymph from 1 insect). The SDS-PAGE analysis of hemolymph
(1 pL) after downregulation of LGRI1. Image representative of 3 independent experiments. (D) Quantification of vitellogenin in the fat body and
hemolymph (he) of dsRNA-injected females measured by ELISA. The results are shown as the mean + SEM (n = 5-6, where each n represents
the fat body or hemolymph from 1 insect). Western blot image showing vitellogenin in the hemolymph of dsRNA-injected females (1 uL of he at
a 1:20 dilution). Image representative of 3 independent experiments. Statistically significant differences were determined by student's t-test. ns,
not significant, i.e. p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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Effect of dsRNA treatment on hatching. (A) Egg phenotype at 10-15 days post egg laying (PEL) for dsARG-injected insects, (A) shows a 1° instar
from a hatched egg. Representative image from n = 10 insects. (B) Egg phenotype at 10 - 15 days PEL from dsLGR1-injected insects, (B) shows
a 1% instar from a hatched egg. Representative image from n = 10 insects. (C) Percentage of hatching from eggs laid for dsARG- injected and
dsLGR1-injected insects (475 eggs from dsARG treated and 550 from dsLGR1 treated insects). (D) Displays unsuccessful hatching at 20-25 days
post egg laying for dsLGR1-injected insects. Scale bars: 1 mm for all images.
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other physiological process. Interestingly, GPB5-like staining is
also associated with the fine muscle fibers on the ovarioles,
matching a previous report that found GPBS5 transcript in
muscle tissues of amphioxus (35).

Another interesting GPB5-like expression pattern is observed
in the tropharium, intracellularly in trophocytes, in zones where
germ cells undergo mitotic growth (36), possibly suggesting that the
GPA2/GPB5 signaling pathway may play a role during the mitotic
division of germ cells in the adult R. prolixus ovaries. The blebs and
processes seen localized on the follicles and the staining within the
trophocytes are also indicative of this signaling pathway’s possible
involvement in oocyte development or the passage of the transcript
into the oocyte via the trophic cord. Egg development in the
previtellogenic stage starts at the onset of adult female
emergence, and following a blood meal, juvenile hormone,
ecdysteroids, and insulin-like peptides are released and initiate
vitellogenesis and other processes. In R. prolixus a blood meal is
essential to provide the required nutrients (lipids and proteins) for
successful oogenesis, including the production of vitellogenin by the
fat body and its accumulation into the oocyte (27). Given that
GPB5-like staining is observed in the cytoplasm shared by multiple
nurse cells in unfed R. prolixus, this suggests GPA2/GPB5 may be
involved in physiological processes prior to vitellogenesis. The
intercellular compartment of nurse cells has previously been
shown to express transcripts for LGRI in A. aegypti and for the
insulin receptor and insulin/ToR signaling in R. prolixus, suggestive
of local control over egg development (37, 38).

GPA2, GPB5, and LGRI transcripts are found in a variety of
tissues, including reproductive tissues of the adult female R.
prolixus. Interestingly, the highest expression levels of LGRI are
found in Malpighian tubules, suggesting a possible involvement of
this glycoprotein hormone signaling in aspects of water balance
and stress tolerance as shown in Al-Dailami etal. (14). The
difference in GPA2 and GPB5 transcript distribution patterns
has been seen in mammals (8, 17). In humans, for example,
GPA?2 transcripts are present in the pituitary gland, ovary, testis,
kidney, and pancreas, whereas GPB5 transcripts are mainly
restricted to the pituitary gland and the brain (8). Although the
high R prolixus GPA2 and GPB5 transcript levels in the CNS
supports heterodimerization, the differences in tissue distribution
profiles and expression levels could also suggest that these subunits
might act as homodimers. Elevated levels of LGRI transcripts in
the fat body and reproductive tissues of adult female R. prolixus
PBM further suggests the involvement of this glycoprotein
hormone signaling pathway in oocyte development and in
regulating the production of nutrients by the fat body for
vitellogenesis. In R. prolixus, YPPs are primarily synthesized by
the fat body during vitellogenesis, and these YPPs, including the
main YPP, vitellogenin, are taken up by growing oocytes. Indeed,
knocking down LGRI results in a significant increase in RhoprVgl
expression in the fat body and increased RhoprVgR expression in
the ovaries. This is also evident from the total protein content of
dsLGR1-treated insects, which shows an accumulation in the fat
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body and in the hemolymph, with vitellogenin as a major
contributor. The increased VgR transcript expression in the
ovaries would enable a greater uptake of the hemolymph
vitellogenin. Interestingly, the transcript expression of VgI in the
ovaries is not increased by dsLGRI1 treatment and so is not the
major source of accumulated vitellogenin in the oocyte. The egg
size in dsLGR1 treated R. prolixus is significantly greater than in
the controls. This suggests that downregulation of LGRI signaling
accelerates and increases the amount of YPPs produced by the fat
body and taken up by the developing eggs. Furthermore,
knockdown of LGRIincreases the number of eggs produced in a
shorter period of time after feeding compared to the control, and
in addition to the larger size of eggs, the cumulative number of
eggs produced is increased. Downregulating LGRI in the adult
female R. prolixus also leads to a lower hatching rate and
unsuccessful hatching in a significant number of eggs. Insects
that died during hatching tended to be unable to pass successfully
through the operculum, indicating a possible disruption of the
normal hatching behavior. Interestingly, although the size of eggs
from the dsLGR1-treated and control insects were different, those
that successfully hatched in the dsLGR1-treated insects had similar
body morphology and body length. In addition, even though 64%
of the dsLGRI1-treated insects hatched, they had lower survival in
the subsequent 60 days, suggesting transgenerational effects from
downregulating LGRI the adult females.

In accordance with the data described above, similar
experiments in the female prawn, M. rosenbergii, found that
MrLGRI transcript knockdown also increase MrVgR transcript
expression in the ovaries, resulting in larger oocytes, and suggesting
to the authors that GPA2/GPBS5 acts as a gonad-inhibiting factor in
the eyestalk-hepatopancreas-ovary endocrine axis (23). In female R.
prolixus, dSLGR1 treatment might also alter the onset of oogenesis,
which normally starts at approximately 3 days PBM, leading to an
accelerated oogenesis and earlier egg laying. GPA2/GPB5 hormone
signaling could therefore be involved in controlling egg production
by initially inhibiting the synthesis and release of vitellogenin from
the fat body and signaling the female reproductive tissues to delay
egg production until digestion of the blood meal is completed and
nutrients are fully available. Interestingly this signaling pathway has
also been shown to be involved in the male reproductive system in
A. aegypti adult males, with dsSLGR1 treated males having a reduced
number of spermatozoa with shortened flagella, and a reduced
fertility rate (22).

In conclusion, these results, coupled with the earlier data of
Al-Dailami etal. (14) suggest that in adult female R. prolixus, the
GPA2/GPB5 signaling pathway may be activated by a blood
meal and act to delay egg production, possibly until nutrients
from the blood meal are available for vitellogenesis. Disruption
of this pathway by RNAi leads to accelerated oogenesis, an
increase in the number of eggs produced and laid, an increase in
egg size and a reduction in hatching rate. Furthermore, the first
instars hatching from eggs of adult females that had been
injected with dsLGR1 had lower survival in the first 60 days.
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Targeting the GPA2/GPB5 signaling pathway may well be a
fruitful line of research to pursue. RNAi has the potential to curb
vector transmission by R. prolixus, targeting their reproductive
physiology (39). This control method involves the genetic
modification of R. prolixus gut microbiota expressing dsRNA
specific for R. prolixus genes, which produces systemic RNAi
affecting development and fecundity in a paratransgenic
approach, creating sustainable vector control.
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***%n< 0.0001.
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GPB5 antibody was preabsorbed with GPB5 antigen. A) Representative
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nerves of the central nervous system showing an absence of GPB5-like
immunoreactivity in neurons, or processes on the abdominal nerves. (B—
C) Representative images of the the common and lateral oviducts with no
GPB5-like immunoreactivity. (D—E) Representative images of the
tropharium of the ovariole stained with DAPI (blue) with reduced
staining intensity for GPB5-like immunoreactivity (green), and (F) no
positively stained processes on the bursa. Similar results obtained from
4 preparations. Scale bars: (A—B) 50 ym, (C) 20 ym, (D—F) 50 ym.
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